Because of the improved survival of premature neonates in recent years, it is important to investigate the effects of premature delivery on the kidney, in which nephrogenesis is still ongoing during the third trimester. Hence, an appropriate animal model that is similar to humans is essential. The aim of the current study is to determine the time course of nephrogenesis in the baboon, to establish whether it is a suitable model of human nephrogenesis. At the Southwest Foundation for Biomedical Research (San Antonio, TX), fetal baboons were delivered prematurely by cesarean delivery and at term by natural delivery. Fixed kidneys from 125-, 140-, 175-, and 185-d gestation baboons were assessed morphologically for evidence of a nephrogenic zone. Nephron number, kidney volume, and glomerular and corpuscle volume were also estimated using unbiased stereology. Morphologic assessment confirmed the presence of metanephric mesenchyme and immature glomeruli in the nephrogenic zone of the kidneys from the prematurely delivered fetuses at 125 and 140 d gestation. At 175 d gestation and at term, the nephrons seemed to be mature. Both kidney weight (R 2 ϭ 0.918, p ϭ 0.0002) and kidney volume (R 2 ϭ 0.837, p ϭ 0.001) were very strongly correlated with nephron number. There was also a direct relationship between gestational age (R 2 ϭ 0.589, p ϭ 0.03) and birth weight (R 2 ϭ 0.562, p ϭ 0.03) with nephron number. In conclusion, in this study, nephrogenesis in the baboon is complete before term by 175 d gestation, which is similar to humans. Hence, the baboon is a suitable model for future studies to investigate human kidney development. The incidence of premature delivery has increased substantially in the past decade, such that 6 -10% of all births in the Western world are premature (1). Moreover, as a result of marked advances in neonatal care, infants who are born as early as 26 wk gestation currently have an 80% chance of survival (2). Therefore, it is imperative to understand how organ development is affected in prematurely delivered individuals, especially in organs in which the ontogeny normally occurs before birth. For instance, infant respiratory distress syndrome and bronchopulmonary dysplasia are commonly observed in preterm neonates as a result of the immaturity of the lungs as pulmonary development is ongoing until term in the human (3). However, in recent years, neonatologists have been able to overcome respiratory complications to some extent by enhancing postnatal lung development, thus increasing survival of premature infants.
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Renal development is also rapidly occurring during the third trimester of pregnancy, and so the kidney may also be "at risk" after premature delivery. Indeed, renal failure affects~8 -24% of all preterm neonates as a result of the immature kidneys (4).
Nephrogenesis, the formation of nephrons, commences at approximately the ninth week of gestation and continues until 36 wk in humans (5, 6) ; hence, it is probable that nephrogenesis is affected in infants who are born before 36 wk gestation. Nephrogenesis commences with the ureteric bud invading the metanephric mesenchyme, occurring at approximately the fifth week of gestation (5, (7) (8) (9) (10) (11) . Mature nephrons are observed from the ninth week of gestation with~60% of all nephrons formed during the third trimester, with no new nephrons formed after birth in term infants (6, 12) . Therefore, delivery of an infant before term is expected to have an adverse effect on renal development, in particular nephrogenesis.
Given the increasing survival of premature infants, further research is required to investigate the consequences in the kidney. Although rodent models can be studied in larger numbers and are relatively inexpensive, their kidney development is different from humans, with nephrogenesis continuing after birth. Thus, other animal models, including fetal sheep and baboons, have also been very valuable. To date, most of these studies have focused on exploring the effects on the pulmonary and neural systems (13) (14) (15) . The baboon (Papio species) has served as a very practical model to study the effects of preterm delivery on pulmonary, neural, and renal function, given their close relation to humans and the similarities in the ontogeny of their organs (14,16 -21) . Use of preterm baboons has enabled researchers to observe the outcomes of new therapies such as antenatal corticosteroid treatment in preterm neonates. Although new therapies have improved survival of premature infants by enhancing early organ maturation, it is important to consider the potential detrimental affects on organs as a result of interrupted development in utero.
Although kidney development in humans and some nonhuman primates has been studied (22, 23) , the time course of nephrogenesis in the baboon remains unknown. For verifying the potential usefulness of the baboon as a model to study the effects of preterm delivery on kidney development, it is essential to determine the time course of nephrogenesis in the baboon and in particular whether nephrogenesis is complete at term. Hence, the major aim of the current study was to explore nephrogenesis in the baboon during normal pregnancy and thus determine whether it is a suitable model to investigate nephrogenesis in humans. In addition, nephron number, kidney volume, glomerular volume, and renal corpuscle volume (comprising the glomerular tuft, Bowman's space, and Bowman's capsule) were estimated using unbiased stereology to determine any potential associations between nephron number and variables such as gestational age, birth weight, and kidney size.
METHODS
Animals and organ collection. All animal handling and deliveries were performed in the Primate Research Facility at the Southwest Foundation for Biomedical Research (San Antonio, TX). The animal husbandry and animal handling procedures were reviewed and approved to conform to the American Association for Accreditation of Laboratory Animal Care guidelines. Premature fetuses were delivered by cesarean delivery and term animals by natural delivery. Birth weights of all the neonates were obtained after delivery. Animals were killed with sodium pentobarbitone at birth, and the kidneys were collected at necropsy. The kidneys were cleaned of fat and connective tissue, weighed, cut into quarters, and immersion-fixed in 10% buffered formalin. Kidneys from animals that were delivered at 125 (n ϭ 2), 140 (n ϭ 1), 175 (n ϭ 3), and 185 (n ϭ 2) d gestation (term~185 d) were used for this study.
Tissue processing, sectioning, and staining. The fixed kidney quarters were sliced into 2-mm slices using a razor blade slicing device. Every second slice of each kidney was processed (dehydrated through graded alcohols) and embedded in glycolmethacrylate resin (Technovit 7100; Kulzers GmbH, Wehrhem, Germany). The number of slices embedded for all kidneys ranged from eight to 11 slices. The glycolmethacrylate blocks then were sectioned exhaustively using a Leica RM 2165 Supercut microtome (Leica Corp., Nusstoch, Germany) at 20 m, with every 10th and 11th sections collected (with the first pair randomly chosen). From the remaining kidney slices, three full slices from each kidney that contained a complete cortex and medulla were also processed and embedded in paraffin and cut into 5-m sections. All collected sections were stained with hematoxylin and eosin.
Morphologic assessment of nephrogenesis. Paraffin sections from all animals were examined for any evidence of ongoing nephrogenesis. The presence of undifferentiated metanephric mesenchyme, the ureteric bud, and developing glomerular structures in the form of comma-shaped and S-shaped bodies in the outer cortex in the nephrogenic zone indicated that glomeruli were still forming and maturing. The presence of only mature glomeruli, with a well-defined glomerular tuft with capillaries and Bowman's capsule, indicated that nephrogenesis was complete.
Estimation of kidney volume, glomerular volume, and glomerular (nephron) number. All 10th glycolmethacrylate sections and the average section thickness were used to calculate kidney volume using the Cavalieri principle (24) . Complete 10th and 11th sections (one pair) that were collected and stained were used to estimate nephron number. Complete sections were defined as sections that showed the entire kidney slice without any missing pieces. Using an unbiased physical dissector/fractionator technique, the number of glomeruli (and thereby nephrons) in the kidneys was estimated. Using this technique, the number of nephrons in a known fraction of the kidney was counted to estimate the total number of glomeruli in the whole kidney (25, 26) . In the counting of nephrons, if immature glomeruli such as S-shaped glomeruli were observed in the sections, then they were excluded so that only mature glomeruli with a well-defined glomerular tuft with open capillaries were counted. These criteria have been previously used to distinguish an S-shaped body from a vascularized glomerulus (10) . Glomerular volume and renal corpuscle volume (comprising the glomerular tuft, Bowman's space, and Bowman's capsule) were also determined using well-established, unbiased, stereologic techniques (26) .
Statistical analysis. Statistical analyses were performed using GraphPad Prism Version 3.0 for Windows (GraphPad Software, San Diego, CA). Linear regression analyses were performed to determine whether there were significant correlations between nephron number and the following variables: gestational age, birth weight, kidney weight, and kidney volume. The level of significance accepted was p Ͻ 0.05.
RESULTS
Morphologic assessment of nephrogenesis. Morphologic assessment of premature baboon kidneys at 125 d gestation showed the presence of developing glomerular structures in the nephrogenic zone located in the superficial outer cortex (Fig.  1) . The presence of the wide nephrogenic zone demonstrated that several more generations of nephrons were yet to be formed. More mature glomeruli were observed in the inner regions of the renal cortex. The ureteric bud could also be observed branching into the undifferentiated metanephric mesenchyme. At 140 d gestation, there was still evidence of new nephrons forming as the ureteric bud and mesenchymal cells were visible in the nephrogenic zone (Fig. 2) . Again, it was evident that several more layers of glomeruli were going to form.
By 175 d gestation, nephrogenesis seemed to be complete, with no evidence of a nephrogenic zone. In kidney sections at 175 d gestation (Fig. 3) , there was no evidence of developing glomerular structures in the renal cortex. The glomeruli also seemed to be mature, with the exception of a few small glomeruli still maturing. Immature glomeruli were smaller in size and seemed to be mainly aggregates of podocytes with not well-developed glomerular capillaries. There was also some indication of maturing tubular structures (refer to Fig. 3 ). In accordance with our findings at 175 d gestation, kidney sections from term baboons (185 d gestation) seemed mature (Fig.  4) . All glomeruli were large and contained a well-defined glomerular tuft with open capillaries.
Nephron number, kidney volume, and glomerular volume. Using unbiased stereology, nephron number, kidney volume, and glomerular and renal corpuscle volume were estimated. Table 1 shows individual birth weights, fixed kidney weights, nephron numbers, kidney volumes, and glomerular and renal corpuscle volumes in baboons that were delivered at 125, 140, 175, and 185 d gestation.
Linear regression analysis showed a significant correlation between birth weight and kidney weight (R 2 ϭ 0.578, p ϭ 0.03) and between birth weight and kidney volume (R 2 ϭ 0.540, p ϭ 0.04). A direct significant relationship was also observed between gestational age and nephron number (R 2 ϭ 0.589, p ϭ 0.03). However, because nephrogenesis was observed to be complete by 175 d gestation, nephron number is not expected to increase after this time point. Nephron number also increased with increasing birth weight (R 2 ϭ 0.562, p ϭ 0.03).
A highly significant correlation was found between kidney size and the number of nephrons (Fig. 5) . Kidney weight was very significantly related to nephron number (R 2 ϭ 0.918, p ϭ 0.0002; Fig. 5A ). In addition, kidney volume was strongly associated with nephron number (R 2 ϭ 0.837, P ϭ 0.001; Fig. 5B) .
DISCUSSION
The present study demonstrated that nephrogenesis in the baboon is complete before term, by 175 d gestation. However, in baboons that were delivered prematurely at 125 and 140 d gestation, nephrogenesis was still ongoing. Thus, our findings demonstrate that the timing of nephrogenesis in the baboon is similar to humans; thus, it is a good model to study human kidney development. Another important finding of this study is the highly significant correlation between kidney size and nephron number, suggesting that the size of the kidney during normal pregnancy is an important determinant of nephron number.
The present study showed that nephrogenesis in the baboon, like in humans, is complete before term. In humans,~60% of nephron formation occurs during the third trimester (12) , and it has also been shown that maximum kidney growth occurs at 26 -34 wk (27) . It seems that also in baboons, the majority of nephrons are formed during the last trimester, as indicated from the results of the current study. With full length of gestation in the baboon being~185 d, 125 d gestation is the beginning of the third trimester. As demonstrated in this study, the number of nephrons in the 125-d-gestation baboon was 25% of the number of nephrons in the term baboon, suggesting that the majority of the nephrons are formed after 125 d. Consequently, premature delivery is expected to have detrimental effects on nephrogenesis.
A major finding of the current study was the highly significant relationship between kidney size and nephron number. Both kidney weight and kidney volume demonstrated strong correlations with the number of nephrons (R 2 ϭ 0.918, p ϭ 0.0002; R 2 ϭ 0.837, p ϭ 0.001). The regression coefficient predicted an increase of 159,671 nephrons per gram of increase in kidney weight. Hence, it seems that renal size is a strong determinant of nephron number in normal pregnancy, and fewer nephrons are expected in a smaller kidney. Indeed, the large increase in nephron number in one of the baboons at Although there was only a 6% difference in body size between the two baboons at 185 d gestation, there was a 25% difference in kidney size. Hence, the large difference in nephron number between the two kidneys from 185 d gestation seems to be due mainly to the large variation in kidney size. In addition, the findings were confirmed with a variability of 7% between two nephron counts.
It is unknown whether preterm birth leads to a significantly low nephron endowment. In the present study, there was a direct relationship between gestational age and nephron number (R 2 ϭ 0.589, p ϭ 0.03), with the regression coefficient predicting a gain of 3195 nephrons per day of gestations after 125 d. However, because nephrogenesis was complete by 175 d, it is expected that nephron number would increase after 175 d. As nephrogenesis predominantly occurs in late gestation, it is essential to determine whether nephrogenesis continues after preterm delivery and whether nephron endowment is significantly reduced in preterm individuals. Such studies in humans can be performed only in deceased infants, with interpretations of data from such individuals confounded by the postnatal complications leading to their subsequent death. One such study has been performed in preterm infants in which nephrogenesis was shown to continue for a short period after premature birth (28) . Renal autopsy tissue was studied from 56 extremely premature infants (birth weight Ͻ1000 g), with gestational age ranging from 24 to 27 wk and 10 full-term infants with normal birth weight. The premature infants were divided into two groups, the short survival group that lived for Ͻ40 d and the long survival group that lived for Ͼ40 d after birth. The infants were subdivided further into groups with and without renal failure. Nephrogenesis, as indicated by the presence of S-shaped and comma-shaped immature glomeruli, were present only in all preterm infants who survived Ͻ40 d with or without renal failure and was absent in the longer surviving infants. However, the extremely premature neonates received nephrotoxic antibiotics that may have impaired nephrogenesis in the longer surviving neonates. Radial glomerular counts, obtained by counting the layers of glomeruli, were significantly decreased in all preterm infants compared with full-term control infants and strongly correlated with gestational age.
CONCLUSION
In conclusion, the results from the present study demonstrate that the baboon is an ideal animal model for studies of human kidney development and, in particular, to study the effects of preterm delivery on nephrogenesis. 
